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Abstract: Electrolysis of water without salt in a thin layer cell requires a voltage of more than 
1.3 V. This voltage is found to be reduced to 0.4 V when hydrogen gas is dissolved in electrolyzed 
water. The decrease in the overvoltage can be used for the salt-free electrolysis of pure water. Thin 
layer electrolysis under steady state is often caused by redox cycling. The redox cycling model 
relevant to the reaction between H
2
 and H+ is theoretically analyzed here in a two-electrode cell. 
The validity and limitation are discussed on the basis of the experimental voltammograms of 
a solution containing H
2
 and H+. When a solution contains H
2
 without deliberately adding H+, 
hydrogen gas would not be expected at the cathode due to the small amount of H+. Consequently 
redox cycling might be blocked. However, experimental voltammograms, without the addition 
of H+, exhibited the steady state limiting current by redox cycling. The current was regarded 
as dissociation kinetics of water. The redox cycling in this case was theoretically analyzed to 
partially explain the experimental results. The oxidation of hydrogen gas at the anode facilitates 
the dissociation kinetics to produce redox cycling.
Keywords: redox cycling, hydrogen gas, dissociation kinetics of water, electrolysis of pure 
water in thin layer cell, CE mechanism under the steady state
Introduction
Electrochemical microreactors have the advantages of facilitating ionic transport due to 
local electric fields, interaction of products at an anode and a cathode, and unexpected 
reactions with salts.1,2 A number of uses have been reported and reviewed.3 For example, 
they include the possibility of electrode reactions at low concentration of supporting 
electrolyte,4–7 electrochemical treatments of water without supporting electrolytes in a 
flow-through cell,8 mass transport of electrochemical products to a counter electrode,9 
and local voltage control by segmented electrodes.10 A disadvantage of microreactors 
is poor control of currents by electrode potential because of limitation of space for 
a reference electrode, although specific cell geometry has made it possible to obtain 
cyclic voltammograms.11
A thin layer cell acts as a microreactor, in that it can cause electrolysis without 
supporting electrolyte, which is demonstrated by electrolysis of pure water.12 Once a 
very small amount of water is electrolyzed into H+ and OH–, these ions enhance electric 
conduction in the cell. Change in conductivity during electrolysis has been addressed 
by studies in the field of microelectrode voltammetry.13–24 Further complication in a 
thin layer cell involves reaction coupling or redox cycling,25 in which products at the 
anode reach the cathode where they react. Redox cycling ought to enhance reaction 
rates, as seen in reactions of interdigitated electrodes.26–28
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One of the key features of redox cycling is not only the 
interaction of the oxidized and the reduced species but also 
the mass transport between two electrodes.29–35 A required 
condition of redox cycling is the presence of equal amounts 
of the reduced and the oxidized species. If the concentration 
of the oxidized species is lower than that of the reduced one, 
two possibilities can be predicted. One is that the current will 
be controlled by the minor species, with the major species 
making no contribution to the redox cycling. The other pos-
sibility is that the current is not necessarily controlled by the 
minor species because the minor species is produced elec-
trochemically from the major one. Which possibility really 
occurs may depend on other conditions such as mass transport 
in and out of the thin layer cell, chemical complications, and 
the level of electric neutrality. We examine here which pos-
sibility occurs in water electrolysis by adding hydrogen ion 
to pure water as a major species. Mass transport, including 
the dissociation kinetics, is considered theoretically here and 
compared with the experimental results.
Materials and methods
The disk electrodes, 1.6 mm in diameter, coated with poly-
ether ether ketone in cylindrical form, were commercially 
available (BAS, Tokyo, Japan). The two electrodes were 
confronted each other so that the space between the two 
formed a thin layer cell. One of the two electrodes was fixed 
horizontally, whereas the other was moved in the direction 
of the cylindrical body axis by means of a micrometer gauge 
on an optical positioner. The axis of the cylindrical body 
was fitted to the axis of the other rod. The electrodes and the 
space were coated using a polyethylene vessel, which was 
a part of a bellows pipette.12 Pure water was inserted into 
the vessel through a hole at the top of the vessel by means 
of a syringe.
Water was prepared with an ultrapure water system, CPW-
100 (Advantec, Tokyo, Japan), and was deaerated with nitrogen 
gas or hydrogen gas. The resistivity of the water before elec-
trochemical measurements was 18 MΩ ⋅ cm, as determined 
by using a conductivity meter equipped with the pure water 
generator. The resistivity was measured after each of the fol-
lowing steps: when water was transferred into the glass vessel, 
when water was left standing exposed to air for a short time, and 
when it was injected by use of a plastic injector. The resistivity 
values by a conductometer, DS-71 (Horiba, Kyoto, Japan), 
decreased to 1.7 MΩ⋅ cm after 30 minutes exposure to air.
Hydrogen gas was bubbled for 15 minutes into water of 
the cell, which was set in hydrogen atmosphere. The distance 
between the two electrodes was read by the micrometer 
gauge from the contacting point of the two surfaces nearest 
each other. Voltage was applied to the two electrodes with a 
potentiostat  (CompactStat; Ivium Technologies, Eindhoven, 
The Netherlands). The reference and the counter electrode 
as for conventional voltammetry were Ag/AgCl (3 M KCl) 
and a platinum wire, respectively.
Salt-free voltammograms for redox cycling were obtained 
by facing two platinum rods without insulator. These elec-
trodes exhibited reproducible voltammograms because 
there is no boundary between the platinum electrode and 
the insulator which causes floating large capacitive currents. 
We confirmed that voltammograms at the insulated disks 
were close to those at the rod electrodes.
Results
Redox cycling between h2 and h
+  
in thin layer cell
In order to understand the ideal behavior of redox cycling, 
we performed thin layer voltammetry of the reaction, 
H
2
 ↔ 2H+ + 2e−, in the presence of H
2
 and H+. Figure 1 shows 
voltammograms in 1 M KCl + H
2
 + HCl aqueous solution 
for several concentrations of HCl in the thin layer cell when 
hydrogen gas was saturated in the solution, where ∆E is 
the applied voltage. Voltammograms were confirmed to 
be point-symmetric with respect to I = 0 and ∆E = 0, as 
can be predicted from the symmetric voltammograms of 
two-electrode electrolysis. They were almost under the 
steady state for v #10 mV s−1. Since the current at the 
forward scan was smaller than that at the backward one for 
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Figure 1 Voltammograms of 1 M KCl + saturated h2 + x mM hCl at v = 30 mV s−1 in 
the thin layer cell for w = 50 µm, where x = (a) 0, (b) 0.05, (c) 0.1, (d) 0.2 and (e) 0.3.
Notes: The arrows indicate the direction of the potential scans. The drawing 
process of determining the limiting current is shown in (d).
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v .30 mV s−1 (Figure 1), the hysteresis was not caused by 
the capacitive current, but may have been caused by the time 
required for reaching the steady-state for the redox cycling. 
The electrolysis time for reaching the limiting current was 
approximately 3 seconds for the 0.1 V potential domain at 
v = 30 mV s−1 in Figure 1. The thickness of the diffusion layer 
was 50 µm, which was comparable to the interdistances of 
the  electrodes. Therefore, the hysteresis should be contained 
in the voltammograms.
Conventional voltammograms in 1 M KCl + H
2
 aque-
ous solution were made to understand the reactions in the 
thin layer cell. Figure 2 shows the voltammogram in the 
potential domain covering water decomposition. Peak (a) 
is the oxidation of H
2
, of which current was proportional to 
v1/2. Waves (b) and (c) are ascribed to the oxidation and the 
reduction of water, respectively. The potential difference 
of the two waves is 2.0 V. In contrast, the potential differ-
ence of the redox cycling in Figure 1 (a) was approximately 
0.4 V.  Consequently, 1.6 V was gained by use of the thin 
layer cell.
Figure 3 shows variation of the limiting current, I
lim
, of the 
voltammograms in Figure 1 with the concentration of HCl. 
The current is approximately proportional to the H+ con-
centration [H+] when [H+] ,0.2 mM. A possible reason for 
the deviation from the proportionality for [H+] .0.3 mM is 
blocking of the product (H
2
) at the cathode by adsorption.36–39 
The other possibility is ambiguity of the determination of the 
limiting currents, as will be discussed later. It is predicted 
that the current is inversely proportional to w owing to the 
control by diffusion in the finite domain w.29 Figure 4 shows 
dependence of the limiting current on 1/w, as shown in 
circles. The plot at narrow distances between the electrodes 
deviated from the proportional line. Since the electrode 
surface was polished before every voltammetric run using 
a polishing buff, it was deformed to a rounded surface,40 as 
shown in the inset of  Figure 4. Values of w were read from 
the moving distance from the closest contact point of the 
two electrodes by a micrometer gauge. Therefore the average 
distance should be larger than w. We measured w
2
 with the 
microscope as shown in the inset, and obtained the curvature, 
from which we evaluated the effective interelectrode distance, 
w
1
 = w + 10 µm. The plot of the limiting current with 1/w
1
 
(triangles) fell on the proportional line.
We derive here expressions for current-voltage curves 
of the redox cycling reaction, 2H+ + 2e− ↔ H
2
, when mass 
transport of both species is controlled only by diffusion 
in the x-direction of the cell under the steady state. It is 
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Figure 2 Voltammogram of 1 M KCl + saturated h2 solution at the platinum disk 
electrode 1.6 mm in diameter for v = 30 mV s–1.
Notes: (a) oxidation of h2, (b) oxidation of water, and (c) reduction of water.
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Figure 3 Dependence of the limiting current of the voltammograms in Figure 1 on 
concentrations of hCl.
Abbreviations: h+, concentration of hydrogen ion; Ilim, the limiting current.
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Figure 4 Variation of the limiting currents with 1/w (circles) and 1/w1 (triangles) 
under the conditions of Figure 1, where w1 = w + 10 µm.
Note: The inset is the illustration of the rounded electrode surfaces.
Abbreviations: Ilim, the limiting current; w, distance between two facing electrodes.
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assumed that the reaction occurs in accordance with the 
Nernst response at the anode and the cathode. We located 
the anode and the cathode at x = 0 and w, respectively, as 
illustrated in Figure 5. The detailed derivation is described 
in the Supplementary materials. The dimensionless current-
voltage curves represented by Equation S8 vary with the 
parameter b. Figure 6 shows variation of the dimensionless 
current-voltage curves for several values of c+*/cH2*.
Large values of (2F/RT)∆E in Equation S8 correspond to 
the domain of the limiting current, which is equivalent to infini-
tesimally small values of (2 – f)(b – f). When f increases from 
zero, Equation S8 tends to infinity at a smaller value of either 2 
or b. Therefore, we have the limiting current, f = 2 for b .2 and 
f = b for b ,2. Since Equation S9 becomes b = 1.9 c+*/cH2* for 
D+ = 8.7 × 10−5 cm2 s−1 and DH2 = 4.6 × 10−5 cm2 s−1,41 the condi-
tion b .2 corresponds approximately to c+*.cH2*, for which 
f = 2. Consequently the limiting current is expressed by
 
j Fc D w b c c
j Fc D w b c
lim
* *
lim
* *
/
/
=
=
+
+ + +
4 2
2 2
2H H2 H2
*for or
for or
 
 cH2
*
 (1)
The “4” involved in Equation 1 arises from both the two-
electron oxidation and the accumulation of H
2
 on the cathode 
by the reduction of H+ at the cathode so that (c
H2
)
x=0 = 2cH2*, 
as can be illustrated in Figure 5.
Although Equation 1 mentions that the limiting current 
for c+*,cH2* is proportional to c+*, the experimental results 
in Figure 3 showed the lower deviation from the proportional 
0                 w        x
2cH2
cH2 + c+
c
+
cH2
Figure 5 Model of thin layer cell and predicted concentration profiles.
Abbreviations: x, distance from the anode toward the cathode; ch2, concentration 
of hydrogen gas; C+, concentration of hydrogen ion. 
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Figure 6 Current-voltage curves calculated from Equation S8 at c+*/ch2* = (a) 0.2, 
(b) 0.6, (c) 1.0, (d) 2.0 and (e) 5.0.
Notes: The dashed lines are tangents of curves at ∆E=0.25 V.
Abbreviations: ∆E, the applied voltage; jw/2Fch2*Dh2, dimensionless current
line for c+* .0.3 mM. When c+* is close to cH2* in Figure 6, 
(a)→(c), a plateau of the limiting current becomes vague. In 
fact, the slopes (dashed lines (a) and (c) in Figure 6) of the 
limiting currents increase with an increase in c+*. Experimen-
tal values of the limiting currents may be underestimated. 
The slope of the proportional line in Figure 3 is 90 mA M−1, 
whereas the theoretical value calculated from Equation S8 is 
110 mA M−1. If w is corrected to w + 10 µm for the roundness 
of the electrode surface, the theoretical slope is 93 mA M−1, 
which is close to the experimental value.
Redox cycling might occur also for O
2
 + 2H
2
O + 4e− ↔ 
4OH−. We attempted to perform voltammetry for dioxygen and 
sodium hydroxide instead of H
2
 and HCl. The voltammograms 
in the thin layer cell did not show any limiting current, but were 
similar to those of pure water.12 The disappearance of limiting 
current may be ascribed to such a large overpotential difference 
between the cathodic and the anodic reaction of dioxygen that 
it may overlap with the wave of water decomposition.
Redox cycling in the absence of h+
Figure 7 shows voltammograms of water including only 
hydrogen gas for various values of w, demonstrating appear-
ance of the limiting current plateau for ∆E .0.4 V. Since 
the solution has no ions, the solution resistance should be 
very large. Nevertheless, the limiting current was observed. 
This is an advantage of the thin layer cell voltammetry. 
 Equation 1 mentions that limiting current by the redox 
cycling in solution without deliberate addition of hydrogen 
ion should be 93 mA M−1 × 10−7 M = 9 nA at pH 7.  However, 
the observed voltammetric shape and current values are 
extremely different from the theoretical ones.  Specifically, 
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Figure 7 Voltammograms of water including hydrogen gas without deliberately 
adding h+ for w = (a) 30, (b) 40, (c) 50 and (d) 70 µm at v = 30 mV s−1.
Abbreviations: ∆E the applied voltage; I, the current.
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Figure 8 Theoretical voltammograms calculated from Equation S24 for λ = (a) 10, 
(b) 45 and (c) 100.
Notes: Conditions of (b) corresponds, for example, to w = 0.05 mm at kr = 1.4 × 
1011 M−1 s−1 and D = 5 × 10−5 cm2 s−1.
Abbreviations: ∆E, the applied voltage; jw/Fc*D, the dimensionless current.
features of the voltammograms are: (1) Steady-state 
 voltammograms; (2) A sigmoidal wave rising up at 
0.2 V; (3) Values of the limiting current being 100 times 
larger than the theoretical value; (4) The limiting currents 
which increase with a decrease in w. Features 1 and 4 suggest 
the presence of some kind of redox cycling, whereas features 
2 and 3 cannot be simply explained in terms of the redox 
cycling of H
2
 ↔ 2H+ + 2e−. The appearance of the inactive 
potential domain (from 0 V to 0.2 V) suggests participation 
in the kinetics other than diffusion. A possible kinetics is a 
supply of H+ from the dissociation of water rather than from 
the solution bulk, because the dissociation is the only source 
of H+ in the present experiment.
We considered the problem of mass transport including 
the dissociation when the redox cycling by 2H+ + 2e− → H
2
 
occurs in the thin layer cell; the redox cycling is composed of 
the dissociation through the CE reaction, H
2
O ↔ H+ + OH− 
and 2H+ + 2e− → H
2
. It is assumed that the diffusion coef-
ficients of H+ and OH− have a common value, D. Feature 
3 implies that the consumed amount of hydrogen gas is 
much smaller than the bulk concentration of hydrogen gas. 
Therefore c
H2
 can be regarded as the bulk value. It is [H+] 
and [OH−] that vary in the thin layer cell. Expressions for 
[H+] and [OH−] will be derived in Supplementary materials, 
and they will yield current-voltage curves.
Dimensionless current (g) versus voltage curves can be cal-
culated from Equation S24 for some values of λ, and are plotted 
in Figure 8. Sigmoidal curves were obtained and are similar 
to the experimental ones (Figure 7). However, the potential 
shift of the experimental curves is larger than the theoretical 
ones. A possible reason is ohmic drop of water. The resistivity 
of water 30 minutes after use was 1.7 MΩ ⋅ cm, which yields 
0.14 V potential shift at 0.5 µA. This value explains the poten-
tial difference. We have assumed that values of the diffusion 
coefficients of H+ and OH− were common, although the ratio 
of the former to the latter is approximately 1.7. It provides 
1.3 times difference in λ through Equation S20. This ratio is 
negligibly small in the variations in Figure 8.
The condition of taking the limiting current is 
2λ = g3/2 from Equation S24. Then the limiting current is 
expressed by
 j Fc D w Fc Dw k c Drlim
* / * / * /( ) / /= = ( )−2 22 3 1 3 1 3λ  (2)
Equation 2 indicates that the limiting current has the −1/3 
power of w. However, the experimental results show −0.8 
power of w, as exhibited in Figure 9, probably because 
 Equation 2 has been derived on the  assumption that the reaction 
1.5 1.6 1.7 1.8 1.9 2
−0.3
−0.2
−0.1
0
Log (w/mm)
L
o
g
 (
I li
m
/µ
A
)
Slope-1
Slope-1/3
Figure 9 Plot of the limiting currents in Figure 6 against w in the logarithmic scale, 
where w was added as 10 µm to the geometrical interelectrode distance.
Abbreviations: w, distance between two closest electrodes; Ilim, the limiting current.
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current on w is closer to the dependence for the simple redox 
cycling than the theory.
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Supplementary materials
Expressions for the limiting current are derived in these supple-
mentary materials. Since a solution of the steady state diffusion 
equation in the domain 0 ,x ,w is a linear variation of x, 
concentrations of [H+] = c+ and [H2] = cH2 are expressed by
 c p sx c q rx+ = + = −,     H2  (S1)
where p, q, r, and s are positive constants. Fluxes at x = 0 by 
both species are given by
 D c x D c x j F
x x+ + = =( ) = − ( ) =d d d dH H2/ / /0 2 02
or we have
 D+s = 2DH2r = j/F (S2)
where D+ and DH2 are diffusion coefficients of H
+ and H
2
, 
respectively. Letting the electrode potentials at the cathode 
and the anode be E
C
 and E
A
, respectively, we can express the 
Nernst equations at both electrodes as
 
E E
RT
F
c
c
RT
F
p
q
E E
RT
F
p sw
q
x
x
C
H2
A
− =
( )
( ) =
− =
+( )
+ =
=


2 2
2
0
2
0
2
2
ln ln
ln
− rw
 (S3)
The voltage controlled by a two-electrode potentiostat is 
∆E = E
A
 – E
C
. Then we have
 ∆E RT
F
p sw
q rw
q
p
=
+( )
−2
2
2
ln  (S4)
Since the amount of the species does not change by elec-
trolysis within the cell, it should keep the loaded amount, 
regardless of concentration profiles. By letting loaded con-
centrations be c
H2
* and c+*, the trapezoidal profiles yield
 2 2 2 2 2p sw c w q rw w c w+( ) = −( ) =+w / , /* *   H
Extracting p and q and replacing s and r by j/F in 
 Equation S2, we obtain
 
p c sw c jw FD
q c rw c jw FD
= − = −
= + = +
+ + +
* *
* *
/ /
/ /
2 2
2 4 2H2 H2 H
 (S5)
Eliminating p, q, s, and r from Equation S4 by use of 
Equations S2 and S5 yields
 
2 4
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2
2
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c jw FD
c jw FD
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−
+
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 + +
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/
/
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H2 H
H2 H 

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2
 (S6)
We define the dimensionless current density as
 f jw Fc D= / *2 H2 H2  (S7)
Then Equation S6 becomes
 exp
2 2
2
2
F
RT
E
f
f
b f
b f
∆

 =
+
−
+
−




 (S8)
where
 b
c D
c D
= + +
*
*
H2 H2
 (S9)
The kinetics-involved diffusion equations for [H+] = c+ 
and [OH−] = c– at a planar electrode under the steady state 
is given by
 
d
d
H O]d 2 r
2
2
c
x
k k c c D+ + −= − −( )[ /  (S10)
 
d
d
H O]d 2 r
2
2
c
x
k k c c D− + −= − −( )[ /  (S11)
where k
d
 is the dissociation rate constant and k
r
 is the recom-
bination rate constant. These rate constants can be related 
with the equilibrium constant, K, through
K
k
k
c c
K c c Kw= = = = =+ − + − −d
r 2
2
2
H O]
  H O] M
* *
* *
[
, [ 10 14  (S12)
The boundary conditions for the concentrations are 
given by the Nernst equations under the assumption of the 
invariance of c
H2
E E
RT
F
c
c
E E
RT
F
c
c
x x w
C
H2
* A
H2
*
  − =
( )
− =
( )+ = + = 
2 2
0
2 2
ln , ln  (S13)
Hydrogen ion participates in the electrode reaction, 
whereas hydronium ion does not. Then the fluxes at the 
electrodes define the current density:
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0  (S14)
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Furthermore, electric neutrality holds within the cell:
 c x c x
w w
+ −∫ ∫=d d0 0  (S15)
Taking the subtraction of Equation S10 from S11 yields 
d2(c+ – c−)/dx
2 = 0 or c+ – c− = k1 + k2x for constants k1 and k2. 
Applying conditions S14 and Equation S15, we have
 c c
jw
FD
j
FD
x+ −− = − +2
 (S16)
It is assumed that the reaction rate is so fast that the reac-
tion zone is restricted to domain near the electrode surface 
without effects of diffusion. Then the interesting value of x 
within the reaction layer is much smaller than w. On the other 
hand, c+ near the cathode is almost zero, leading to (c+)x ≈ 0 ,, 
jw/FD. Then Equation S16 for x ≈ 0 becomes
 c
j
FD
w
x c
jw
FD− +
= −

 + ≈2 2
 (S17)
and Equation S10 can be reduced to
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 (S18)
It is further written as
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where
 g
jw
Fc D
w
k c
D
r= =
*
*
,   λ
2
 (S20)
A solution of Equation S19 is given by
 c
c g
B
w
gx+ = − −

* exp
2 λ
 (S21)
where B is a constant. Applying condition S14 to Equation 
S21 yields
 
j
F
BD
w
g= λ
Subtracting B from the above equation and Equation S21 
for x = 0, we have
 
c
c g
jw
Fc D g g
gx+ =( ) = − = −0 2 2
* * λ λ
 (S22)
On the other hand, we assume that the reaction at the 
anode (H
2
 → 2H+ + 2e−) is in equilibrium, H+ + OH− ↔ H
2
O, 
because the produced amount of H+ at the anode is smaller 
than the consumed amount of H+ at the cathode. Then Equa-
tion S16 at x = w is given by
 c K c jw FD
x w x w+ = + =( ) = ( ) =w / / 2
or
 c c g g
x w+ =( ) = + +/ / /* 4 16 12  (S23)
Subtracting the two Nernst equations S13 and replacing 
(c+)x = 0 and (c+)x = w by Equation S19 and S23, respectively, 
we have
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